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ABSTRACT

The United States Marine Corps’ ability to wage war
and its warfighting effectiveness rely heavily on the
availability of its tactical ground equipnent. The Mari ne
Corps optimzes the warfighting availability of its
tactical ground equipnent in its depot-level repair plan,
which comrits $450 mllion over a six-year horizon.
Currently, small changes (for exanple, budget) to the input
to this nodel produce non-intuitive revisions that are
needl essly disruptive. The Marine Corps Materiel Conmand
(MATCOM recognizes this problem and has asked for
enhancenent of their current nodel to include persistent
features. W show that turbul ence can be reduced at little
cost in warfighting availability. W also investigate an
appr oxi mat e, but very fast heuristic in lieu of
mat hematical optim zation to solve this problem A sinple
greedy nyopic heuristic quickly produces nearly-optimal

advice to the depot-Ilevel planning problem
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EXECUTI VE SUMVARY

The United States Marine  Corps maxi m zes the
warfighting availability of its tactical ground equipnent
t hrough depot-level repair activity. The system that plans
such activities currently produces too nmany expensive

revisions after the Marine Corps publishes a maintenance

pl an and subsequent snall input changes ari se. The Marine
Corps Materiel Command (MATCOM) recognizes this problem and
has asked for enhancenent to correct it. We suggest

several changes to the current nodel to mnimze the nunber
of changes to an already-published I|egacy plan and
i nvestigate an appr oxi mat e heuristic in lieu of
optim zation to solve this problem Qur sinple myopic
heuristic quickly produces nearly optimal advice for the
depot-level planning problem wthout the requirenent of

expensive optim zation software.

Currently, the Marine Corps uses the Dynam c Equi pnent
Repai r Optim zation (DERO nodel , an integer i near
program to suggest a nmaintenance plan. DERO optim zes
mul ti-year, depot-I|level maintenance plans that nmaximze the
aggregate value of available equipnment while ensuring that
an adequate nunber of each type asset is avail able when
needed and that annual budget |inmts are observed. DERO
has been used since 1998 to develop the Program Objective
Menor andum (POM), which ultimately determ nes the overall

depot-1level funding for the Marine Corps.

The depot-I|evel nmanagers encounter a problem when they
i ncorporate updated budget information into DERO Budget

proj ections for depot - | evel mai nt enance fluctuate

XV



regul arly. Addi ti onal rmaintenance funds are granted, or,
perhaps nore |likely, funds are rescinded in order to

support other Marine Corps prograns.

When t he budget proj ection changes and DERO
i ncorporates this change, a revised maintenance plan can be
significantly different from the already-published |egacy
pl an. These non-intuitive inconsistencies necessitate

maj or revisions to al ready-published | egacy pl ans.

We suggest sone nodifications to DERO to ensure that
| egacy plans are not revised needl essly. By incorporating
a published I egacy plan as input to the nodel, we encourage
a revision to remain close to the | egacy plan by penalizing
deviations from the |egacy plan. Qur results show the
effecti veness of these enhancenents to DERO inproving the
face validity of plans. W also show how restricting plans
to retain legacy features affects the overall warfighting

readi ness of a revised mai ntenance pl an.

In its current form DERO requires soneone experienced
in nmdeling and an algebraic nodeling |anguage to
understand and inpl enment the changes we suggest. DERO also
requi res an expensive Ceneralized Al gebraic Mdeling System

(GAMB) CPLEX™ integer |inear programmng solver to generate

its proposed mmi ntenance pl an.

W provide a heuristic planning tool that is easy to
use and can alleviate the above limtations. Qur heuristic
is inplemented with EXCEL™ and uses Visual Basic to solve
t he depot-Ilevel planning problem W show that this tool
works on a sinplified planning problem and can be trusted.
Qur nyopic heuristic quickly solves the DERO planning

probl em and produces a suggested nai ntenance plan with the
XVi



approximate warfighting readiness of formally optinzed
DEROQ.
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| . | NTRODUCTI ON

A DEPOT- LEVEL NMAI NTENANCE PLANNI NG

The United States Marine Corps’ ability to wage war
and its warfighting effectiveness rely heavily on the
avai lability of its tactical ground equipnent. However,
mai nt enance funding for ground depots regularly falls short
of the full amunt required to overhaul all of the
unservi ceabl e equi pnent. Therefore, the Marine Corps nust
prioritize its depot-level funding to ensure the proper mx
of equipnment is available for its warfighters.

In the past, the Depot Level Mintenance Program
(DLMP) program manager manually prioritized all of the end
items in the Marine Corps ground inventory requiring depot-
| evel mai nt enance. Regul ar mai nt enance  conferences
reviewed a rotation schedule, which plans for the
nodi fi cation, overhaul, and/or service |ife extension of
each item in a fleet of equipnent exactly once during a
pl anni ng horizon [MATCOM 2002a]. O her considerations
include procurenents, nodification plans, estimtes of
unserviceable returns to the depots, and current and

expect ed operational requirenents.

A team of nmintenance experts was responsible for
assimlating this information and prioritizing the hundreds
of itens conpeting for limted repair resources. After a
period of several weeks, this team eventually decided on a
subset of itens to fund. Wile this provided prioritizing,
it often left many unfunded itens in a critically short

post ure.



In order to correct this planning deficiency, the

Marine Corps developed the Dynamic Equi pnent Repai r

Optim zation (DERO nodel. This nodel optimzes yearly
depot - | evel mai nt enance activities across a six-year
pl anni ng hori zon whi |l e adheri ng to annual budget
constraints. This nodel will be described in Chapter I

Since 1998, the United States Marine Corps Material
Command (MATCOV) has used this nodel to prepare its Program
bj ective Menorandum (POM and plan its depot-Ievel
mai nt enance. Depot managers closely follow DERO s
suggested mai ntenance plan for the first fiscal year or two
in the planning horizon and incorporate it into their fina
mai nt enance pl an.

B. DEALI NG W TH CHANGES

The depot-I|evel managers encounter a problem when they
i ncorporate updated budget information into DERO Budget

proj ections for depot - | evel mai nt enance fluctuate
regul arly. Addi ti onal rmaintenance funds are granted, or,
perhaps nore likely, funds are rescinded in order to

support other Marine Corps prograns.

When a budget projection changes and DERO i ncor porates
this change, the new revised nmintenance plan can be
significantly different from a |egacy plan. These non-
intuitive inconsistencies between suggested plans can
result in nmpjor revisions to an already-published |egacy

pl an.

Unfortunately, mathematical prograns have a well-
deserved reputation for anplifying small input changes into

significantly different solutions. An optim zed plan that



retains many of the features of an already-published |egacy

plan is much nore nmanagerially acceptabl e.

C. A SOLUTI ON FOR A PERSI STENCE PROBLEM

Brown, Dell, and Wod [1991] observe persistence
pr obl ens in real -world appl i cations when usi ng
optim zati on-based decision support and suggest several
ways of mitigating the anmount of turbulence between
sol uti ons. They describe how to encourage a revised
optimal solution to retain features of a |egacy optimal
solution and define this idea as “persistence” between
sol uti ons. Using the techniques described in their
article, we denonstrate how to incorporate persistence in
DERO and show its effectiveness when wusing this new

formul ation with typi cal budget changes.
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1. RELATED RESEARCH

A. LI TERATURE ON PERSI STENCE

Much of the literature on optimzation describes
theory and nodels of mathematical program ng. The design
and initial prototypic application of an optim zation nodel
takes precedence in publications. On the other hand,
continued real world use of these nodels receives little

attention.

Brown, Dell, and Wod [1991] explain the Ilack of
attention to persistence with the foll ow ng reasons:

1. Mbst papers tend to discuss new applications but
persistent problens arise only after a nodel has
been used for sone tine. This was the case wth
DERO.

2. Modelers tend to wite papers. Therefore, they tend
to focus on theoretical issues and ways to obtain
opti mal sol utions.

3. Everyone deals with persistence in sone way, but
nobody admits it. Most nodelers end up fixing
variables and no one is proud of this sort of

wor kar ound.

They illustrate vari ous net hods of i ncor porating
persi stence through a series of case studies.
B. CASE STUDI ES

Brown, Dell and Wod [1991] describe the follow ng
case studies in order to show optim zation nodels that have
exhi bi ted persistence problens and sonme of the nethods used

to encourage persistence:



1. Scheduling Coast CGuard Cutters

The First United States Coast Guard District uses
Cutter Scheduler (CutS) to assign 16 cutters to weekly
patrols, maintenance and training assignments over three
nonths while mnimzing total transit tine. When changes
arise in, for instance, the availability of a cutter,
persistent solutions appeal when revising an already-
publ i shed | egacy schedul e.

Each binary assignnent variable in this nodel is

encouraged to retain the value it had in a previous

sol uti on. The | egacy value of each decision variable is
converted into an elastic persistent variable. Each
persistent variable has a target value that it is

encouraged to obtain and a linear penalty for any deviation
from that target. By using these elastic persistent
vari ables, the authors show how changes to a revised
gquarterly schedule are reduced from 52 nmmjor changes to
only 11.

2. Base Realignnent and C osure Action Schedul er

The United States Arny uses an integer |inear program
called Base Realignment and Cosure Action Schedul er
(BRACAS) to assist it in closing and realigning mssions
for mlitary installations. This nodel nmaximzes the
expected net present value of savings that the Arny
receives by scheduling closures and realignnments across six

years.

In this case, ranged persistent constraints were used
to provide upper and lower limts for each of four budget
cat egori es. After publishing a |legacy solution the prior
year, the Arny was able to incorporate inproved schedule

6



revisions and produce an acceptable plan that addressed
these revisions while staying wthin the specified
accept abl e persistent ranges. Congress eventually approved
this nodel’s revised plan.

3. Hanmm ng Di stance and Submari nes

Anot her case study describes a nodel that produces an
optimal berthing plan for submarines. By calculating a
nmeasure of the difference between solutions called the
Hanm ng distance, the authors show how to incorporate a
persistent incentive in the objective function. Thei r
results show an effective way to reduce the anount of
arbitrary and non-intuitive turbul ence between |egacy and
revi sed berthing plans.

Using the techniques described in these three case
studies, we will denonstrate how to incorporate persistence
in the DERO nodel. Qur results will show the effectiveness
of persistence after typical budget changes to DERO s

i nput .
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I11. DYNAM C EQUI PMENT REPAI R OPTI M ZATI ON MODEL
( DERO)

A OVERVI EW

The Dynamic  Equi pnent Repair Optim zation nodel
optim zes nulti-year, depot-level maintenance plans that
maxi m ze the aggregate value of available equipnment while
ensuring that an adequate nunber of each type asset is
avai | abl e when needed and that annual budget limts are
obser ved. DERO has been used since 1998 to develop the
Program (Objective Menorandum (POV), which ultimtely
determ nes the overall depot-level funding for the Marine
Cor ps.

DERO consists of two distinct nodels: the Rotations
nodel and the Readi ness nodel, each addressing a different
aspect of depot-level maintenance [CGoodhart, 1999]. The
Rot ati ons nodel produces a depot-level maintenance plan for
equi pnent designated as a rotation program The Readi ness
nodel allocates the remaining resources on |nspect-and-
Repai r-Onl y- As- Necessary (1 ROAN) and ot her prograns.

DERO first solves the Rotations nodel because
rotations prograns receive a higher priority. Thi s nodel
maxi m zes the snallest single-year budget surplus across
the tinme horizon of interest for all rotations prograns.
The Readi ness nodel maxim zes the resulting availability of

ground equi pnent with the remai ning resources.



B. THE ROTATI ONS MODEL
1. Rot at i ons Model Descri ption

A rotations program is one that <calls for the
nodi fi cation, overhaul, and/or service |ife extension of
each itemin a fleet of equipnent exactly once during the
si x-year planning horizon. The Rotations nodel is an
integer linear program that determ nes the arrangenment of
mul tiple “once only” rotations prograns that naxin zes the
smal | est single-year, single-appropriation funding surplus

across the specified planning horizon.

The Rotations nodel takes as input a set of possible
starting years and a set of possible ending years for a
subset of all of the Table of Authorized Materiel Contro
Nunbers ( TAMCNS). The nodel’s input also includes the
m ni mum and maxi mum nunber that can be repaired for each
TAMCN in this subset during each year. This integer
program then finds the optimal conbination of starting and
ending years as well as the annual nunber to repair for

this subset of TAMCNs within the yearly budget constraints.

2. Rot ati ons Model Fornul ati on
The Rotations nodel is as foll ows:
| ndi ces:

f Forces (appropriations): ACTIVE or RESERVE

t Tabl e of Aut hori zed WNateri el contr ol nunber
(TAMCN) (equi pnent type), e.g. D0209,

v Possible years in which a rotation program could

start,

10



w Possible years in which a rotation program coul d
end,

y Years in the decision horizon (e.g. 2002, 2003,
2004, .);

Sets:

T TAMCNS t,

R Subset of T, TAMCNs required to wundergo a
rotation — e.g., R = {Axxxx},

v Possible starting years for TAMCN t rotation
(te R) -- e.g. Axxxx could start in 2002 or 2003,

/4 Possi bl e ending years for TAMCN t rotation (te R)-
- e.g. Axxx could end in 2004 or 2005,

Vw, Set of possible rotation start-end year pairs for
TAMCN t, {(v,w):veV,,weW,}, for exanple,
for TAMCN Axxxx above, WWMwxx = {(2002, 2004),
(2002, 2005), (2003, 2004), (2003, 2005)}. Each
of these pairs represents the tinme during which a
rotation program coul d be funded,

Vw,, Possible TAMCN t start-end year pairs including
year vy, i.e., {(v,welVW :v<y<w}, for exanple,
VWixxxx, 2005 = {(2002, 2005), (2003, 2005)};

Dat a:

mt,f,%,f M ninum and naxi mum nunber of TAMCN ¢€R

assets that can or nust be rotated from
force f in any year,

11



budget, Fundi ng available to force f in year vy,

4., Total quantity of TAMCN t assets required
for rotation for f over all years,

rcost, Cost per asset of TAMCN t rotation in
dol | ars;

Vari abl es:

DELTA, , Dol I ar anobunt that force has left over
fromits budget in year y, after paying for
all rotated assets; if negative, force f is
over - budget ;

RB, , | Nunber of TAMCN t assets funded by f for
rotation in year vy,

P, Binary variable, which is set to 1 if TAMCN
t rotation starts in year v and ends in year
w, O otherw se,

Z Maxi mum nunber of dollars saved after paying

for all rotations, by any force in any year

(possi bl e negative if over-budget);

For mul ati on:
Maxi m ze Z
Subj ect to

ZrcosttRB,,f,y + DELTA, , = budget, ,
t

Z<DELTA,

2, m B SRB, < 3 muF,,

(v,w)e VWM, v, werw,,

12

Vf,y

Vi,

VteR,f,y

[1]

[ 2]

[ 3]

[ 4]



3.

The

DY RB, =q,, VieR f [5]

y

> p,, =1 VieR [ 6]
(v, wEVW, w
RB, , € {0,1,2,...} VieR,f,y [7]
P, €101} Vie R,v,w [ 8]

Ver bal Fornul ati on

objective function [1] expresses the snallest

singl e-year budget surplus across the tine horizon of

i nt erest.

Constrai nts:

[ 2]

[ 3]

[ 4]

[ 5]

[ 6]

[7]

Each budget constraint ensures that the funding
spent on rotations prograns plus DELTA equals the
budget Iimt for each force and year

Combined wth the objective function, each
constrai nt encourages the annual savings to be as

| arge as possi bl e.

Each constraint requires that quantities funded
for any TAMCN are between the m nimum and nmaxi num
allowed and only occur during the period the
programis schedul ed.

Each constraint requires that the total quantity
funded for each TAMCN equals the quantity
required for that force.

Each constraint ensures that each TAMCN has only

one starting and endi ng year.

An integer decision is required.

13



[8] A binary decision is required.

C. THE READI NESS MODEL
1. Readi ness Mbdel Description

The Readiness nodel incorporates a plan from the
Rot ati ons nodel and maxi m zes the resulting availability of
ground equi pnment with the remaining resources. Thi s node
uses a readiness score to represent the availability of
each TAMCN. Using this readiness neasure, the nodel
maxi m zes a weighted sum of the readiness scores of all
TAMCNS.

In this nodel, each TAMCN is assigned a war nateria
requi renent, which represents the total nunber of assets
authorized to all Marine Corps organizations and in
sust ai nment stocks. The availability of a TAMCN in a given
year is determned by using a ratio of the nunber of Ready-
For-lssue (RFlI) assets to its war material requirenent.

This ratio is referred to as an E-rating.

The Readi ness nodel uses a piecewise linear function
of an E-rating to determne a readiness score for each
TAMCN.  The higher the score, the better the readiness for
that TAMCN. Negative scores represent TAMCNs with ratio of
less than 0.7, and the Readiness nodel penalizes these.
Thi s readi ness score for each TAMCN is an inportant part of
the nodel’'s objective function. Figure 1 shows how the

score i s cal cul at ed.
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Objective function multiplies vertical axis by the value
of each TAMCN to establish relative importance of funding

READINESS
SCORE

Per-unit return
depends on
availability

Penalize falling
short of minimum
numbers neede

\

>

No value is gained by
repairing excesses

0 | T | T
\ Min = V\ 100%
70%
E-rating
(fraction of assets of this type that are serviceable)

v

Figure 1. Maxi m zi ng a Readi ness Score.

The objective function uses the score for a given TAMCN
to represent its warfighting readiness. The score is
cal cul ated by using a piecewise linear function simlar
to the one shown here.

The other inportant aspect of this nodel’s objective
function is the warfighting value of each  TAMCN,
representing t he relative i mportance (or wei ght ed
i nportance) of that TAMCN as conpared to other TAMCNs. The
obj ective function expresses the sum of the readi ness score

of each TAMCN nultiplied by its warfighting val ue.

In order to keep track of RFI and Not-Ready-For-Issue
(NRFI') equipnent quantities each year, a flow structure
simlar to the one in Figure 2 is enployed. The RFI
gquantity for a TAMCN is increased by either repairing sone
of its NRFlI assets in the depot or by the addition of newy

15



i ssued itemns. RFI quantities decrease according to the

estimated nunber of failures (or returns) each year.

NEW
( ISSUES ‘
- > R >
READY-FOR-
ISSUE
y RETURNS
0(,0 UND 000
90—
READY-FOR-
ISSUE
|\  / \ \)
WASHOUTS WASHOUTS WASHOUTS
N I\ U\ J
' ' N
YEAR YEAR YEAR
y-1 y y+1
Figure 2. RFI and NRFI flow in the Readiness
Model .
Quantities of new issues and unserviceable returns are
the inputs for the nodel. Each vertical arrow | abel ed

FUND corresponds to a decision variable in the nodel
and incurs a specific cost for repairing each TAMCN.

The Readiness nodel is solved as an integer |inear
program for the first three years. The nodel rel axes
integer requirenments in |ater years. For a nore detailed

description of this nodel, see Goodhart [1999].
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2.

Readi ness Moddel Fornul ati on

The Readi ness nodel is as foll ows:

| ndi ces:

f

S

Set s:

rw,

Ly

Dat a:

Forces (appropriations): ACTIVE or RESERVE

Li ne segnments boundi ng the objective function,
Table of Authorized WMateriel Cont r ol Nunmber
(TAMCN) (equi pnent type),

Possible year in which a rotation program could
start,

Possible years in which a rotation program could
end,

Years in the decision horizon (e.g. 2002,
2003, .);

TAMCNs in “screening prograns” funded by depot-
mai nt enance  accounts, or | ump-sum  paynents
denoted by wunique TAMCNs indicating nmandatory

paynent of a particular anount by these accounts,

Subset of T, TAMCNs required to wundergo a

rotation,
TAMCNs t,

Possible TAMCN t start-end year pairs including

year vy, i.e., {(vwwelW, :vSy<w};

Di scount factor to enphasize near-term years

(<),
17



budget

dspare0,

icost,

intept,

issue,

pen

pen2,

rcost,

rigt

tLfy

sbl

slope,

stfi,

Fundi ng available to force f in year vy,
Starting nunber of unstratified (excess)
NRFI assets of TAMCN t,

Cost for “inspect and repair only as

necessary” (I ROAN) per asset of TAMCN t,

Verti cal i nt ercept of segment S, in

war fi ghting readi ness units,
Nunber of TAMCN t assets newy procured in
year vy,

Per-asset shortage cost for failing to neet

rtgt (readiness target) for TAMCN t,

Per-unit (elastic) penalty for adjusting
initial RFlI quantity,
Cost per asset of TAMCN t in rotation

(rebuild, nodification, SLEP etc.),

Target availability percentage of TAMCN t at

force f in year vy,

Starting nunber of not - r eady-for-issue

(NRFI') assets of TAMCNt at force f,

Sl ope of segnment s in warfighting readiness

units per E-rating,

Starting nunber of RFI assets of TAMCN t at

force f,

18



tilim, Upper bound on nunber of turn-ins of TAMCN t
fromf iny,

uspare0, Starting nunber of unstratified (excess) RFI
assets of TAMCN t,

usr, , Unserviceable returns of t from f in vy,
exclusive of specific assets demanded for
rotation,

value, Warfighting value of TAMCN t as determ ned
by CG MCCDC (S&A Divi sion),

wmr, . War materiel requirement of t at f in vy,

v, First year in decision horizon;

Fi xed vari abl es (opti mal val ues det er m ned by

Rot ati ons and used here as data):

RB;, Nunber of TAMCN t assets funded by f for
rotation in year vy,

P, . Binary variables set to 1 if TAMCN t
rotation starts in year v and ends in year
w, O otherw se,

Vari abl es:

CHEAT, , Nonexi stent TAMCN t assets stratified to f
at beginning of horizon to account for poor
forecasting,

DEFIND, ,, Binary variables set if f is short of its

al l onance (wnr) of t at end of vy,
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FLOAT,

tf.y

ISNRFI,

ISRFI,

NRFI, , |

RC

tf.y

SCORE, , ,

SHORT,

tLf.y

STRN,

TEDEF, , |

Quantity of RFI assets of t stratified to f

iny (newor fornerly excess),

In-stores (depot) NRFI quantity of t and end
of year v,

In-stores (depot) RFI quantity of t at end
of year vy,

Quantity of TAMCN t NRFI assets stratified

to f at end of year vy,

Quantity of TAMCN t RFI assets recalled for

rotation fromf at beginning of vy,

Quantity of TAMCN t RFI assets stratified to

f at end of year vy,

Quantity of TAMCN t assets funded under
| ROAN for f in vy,

Readi ness score of TAMCNt for f in vy,

Shortfall of TAMCN t RFI assets stratified
to f at end of y wth respect to
avai lability target,

Quantity of NRFI TAMCN t assets re-
stratified to f in y (paper-redistributed
excess NRFI),

Difference between wnr; ¢y and quantity of t

stratified to f at end of y (in any

condi tion),

20



TIS, , , Quantity of TAMCN t RFI assets renoved from
stratification to f iny,

T, ,, Quantity of TAMCN t NRFI assets renoved from
stratification to f in y wthout being
repai r ed;

For mul ati on:

Maxi m ze
Z B "value,(SCORE, , , — pen SHORT, , ) - ZpenZZCHEA];’f [ 1]
LSy tf
Subj ect to
D icost,RPR, , , + Y rcost,RB, ,  <budget, Vf,y [ 2]
t¢R teR

RFI

SCORE, , , < intcpt, + slope, ——L VsteC,f,y [3]
e erz,f,y
INSRFI, , = dspare0,+ > TIU, , —> STRN, VitgCy=y, [4]
S S
ISNRFI, = ISNRFI, ,_ + > TIU, . —> STRN, , VieC,y>y, [5]
f S

ISRFI, , =uspare0, +issue, , — ZFLOATt,f,y + ZTISI,M ViteC,y=y, [6]
S S

ISRFI, , = ISRF1I

t,y-l1

+issue,, — Y FLOAT, , +»'TIS,,  VteC,y>y, [7]
f S

Sblt,f + UST, 1.y (1 - Z(V,W)E VW, R:,W) t Rct,f,y
—-RB, , ,—RPR, , —TIU, , +STRN,

NRFI, , =

VieC, f,y=y,l8]
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_ | NRFI s, (1 - Z(V,W)Em,y f;’v’w) +RC,,

NRFI, ,
~RB,, —RPR_, -TIU,, +SIRN,
VieC,f,y>y,[9]
RFI _ S’/:fit»f + CHEA];»f - MSI’;’f’y (1 - Z(V,W)E v, , P:V;W)
tfy N

~RC,, +RB,, +RPR , -TIS,, +FLOAT,
VieC, f,y=y, [10]

o RPR, , , + CHEAT, , —usr, , (1 I Pw)

-RC,, ,+RB, , , +RPR, , —TIS, , +FLOAT, ,,

VieC,f,y>y, [11]

RFI, , , =z rtgt, . wmr,

tLfy

t,f,y _SHOR]—;,f,y v tg Cafay [ 12]

TEDEF, , , < DEFIND, , wmr, VieC, f.y [13]

LSy
TIU, , , +TIS, ,  <(1- DEFIND, , )tilim, , , VieC,f,y [14]
NRFI, ,  +RFI,, +TEDEF,, >wmr,, VieC,f,y [15]
RPR ,  <usr,, {1 - > P:WJ Viy [ 16]
(v w)EVW,
RC,, <RB VieR, [,y [17]
RPR, ,  =usr, VieC,f,y [18]
SCORE, , <1 Ve f,y  [19]
RPR,, €{0,1,2,...} vif.y o [20]
DEFINED, , , € {0,1} Vi f,y o [21]
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FLOAY;’M,NRFIt,f,y,RCt,f,y,RF]t’f’y >0 Vit.f,y [ 22]
SHORT, , ,STRN, , ,TEDEF, , .TIS, , ,TIU,, >0 Vit f,y [ 23]
CHEAT, ; 20 Vi, f [ 24]
ISRFI, , >0 Y1,y [ 25]
3. Ver bal Fornul ation

The objective function [1l] expresses the weighted sum

of the

readi ness score |less penalties associated wth

failing to neet the target availability.

Constrai nts:

[ 2]

[3]

[4-5]

[6-7]

[ 8-9]

[ 10- 11]

[12]

[ 13- 15]

Each budget constraint ensures budget limts are
respected for each force and year.

Each constraint calculates the readiness score
for each TAMCN

When conbined, these constraints keep track of
in-stores NRFlI assets across planning years.

When conbined, these constraints keep track of
in-stores RFl assets across planning years.

When conbined, these constraints keep track of

stratified NRFlI assets over planning years.

When conbined, these constraints keep track of

stratified RFI assets over planning years.

Each elastic constraint is wused to encourage
m ni mum readi ness; each shortfall (SHORT) s

penal i zed in the objective function.

Together, these constraints prevent arbitrary

redi stribution of assets.
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[ 16] Each constraint |imts the nunber of
funded for repair to be |less than or equal

nunber of unservi ceabl e returns.

[17] Each constraint provides an upper bound on assets

that can be recall ed.

[ 18] Each constraint ensures that screening prograns

are funded.

[ 19] Each constraint provides an upper bound on

readi ness score.
[ 20] An integer decision is required.
[ 21] A binary decision is required.

[ 22-25] A non-negative decision is required.
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| V. TURBULENCE BETWEEN LEGACY PLANS AND REVI S| ONS

A.  USI NG DERO TO PROVI DE A DEPOT- LEVEL NMAI NTENANCE PLAN

The typical use of DERO to provide a maintenance plan

is summari zed with the foll ow ng steps:
1. Al of the input is gathered.
2. DERO i s sol ved.
3. The solution is published as the maintenance pl an.

4. Revised information Bbeconmes available and s
incorporated into DERO Typically, this is updated
budget i nformati on.

5. Wth this updated information, return to Step 2.

A revised maintenance plan often varies greatly from
an al ready-published | egacy plan. The depot-I|evel planners
conplain that a revised maintenance plan is too different
from a |legacy plan. This non-intuitive inconsistency
bet ween | egacy and revised plans results in major revisions
to the already-published I|egacy plan. Utimately, DERO
could lose its credibility to produce an optinal
mai nt enance plan for its users.

B. MAJOR AND M NOR CHANGES

Changes between solutions are categorized here as
maj or changes and m nor changes. A mgjor change is the
conpl ete cancellation of a published repair program or the
suggested start-up of a new programin a given fiscal year
for a given TAMCN. A mnor change occurs when the nunber
of assets to be repaired changes within a fiscal year for a
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TAMCN, but the TAMCN is neither conpletely cancelled nor
suggested for a new start-up.
C. | LLUSTRATI NG TURBULENCE AFTER A BUDGET CHANGE

W solve DERO wth an original data set [MATCOM

2002b]. The projected budgets for the active forces are as
fol |l ows:

Year Budget (mI1lions)

2002 $105. 6

(Reduced to $104.1)

2003 $109.9

2004 $73. 3

2005 $75.9

2006 $76. 7

2007 $78. 1

Table 1. An original (and revised) budget projection.
After publishing an original mintenance plan, depot
managers nust revise plans due to a $1.5 mllion
budget reduction in FY2002.

The budget reduction in Table 1 reflects a 1.4%
decrease in the first fiscal year of this six-year set and
is the only change to the input data. Wen we conpare the
|l egacy plan to the revised plan, we realize that DERO
suggests a revision that requires 20 mjor changes and 36
m nor changes to the already-published |egacy maintenance
pl an. The changes to the | egacy plan are shown in Table 2.
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A0010
A0043
A0966
A1260
A1440
A1500
A1503
A1530
A2306
A2635
A7005
A7025
A7035
A7037
A7052
A7055
A7058
AT7072
A7500
A7590
B0001
B0114
B0395
B0443
B0589

2002 2003 2004 2005 2006 2007 2002 2003 2004 2005 2006 2007 2002 2003 2004 2005 2006 2007

B0635 -2 2 EO0726
-3 -3 B0730 -3 -36 0.3 38.7 EO0727 1

B1082 E0942

-1 1 B1226 E0946
B1298 -1 E0947
B1315 -2 2 E0948
B1580 -1 E0949
B2464 E0950
B2482 E0960 -8 -128 1 135

-1 B2685 -4 E0961 -4

-1 C2032 -17 E0980 -37 218 152
D0080 E0998 -1 -20 21
D0105 E1037
D0209 E1251 -12 -2 14
D0860 2 -1.9 E1313

-4 D0876 E1441 -1 3 2 -4
D0877 E1460
D0878 E1475
D0879 E1836
D0880 -82 542 278 E1888 -1 1 -0.93 -0.58 -0.69
D1072 E3196

-1 1 D1134 1 -1 A0000
D1212 E0000

E0180 -1 1 E0001
-0.9

1

Table 2. Turbulence in DERO after a typical budget
reducti on.

This table summarizes the TAMCNs that received funding
in either the legacy or revised plan. Only changes
are shown in this table. Positive numbers represent
an increase in repairs for a given TAMCN in the
revised plan while the negative nunbers represent a
decrease. TAMCNs without any changes noted remain the
sane in both legacy and revised plans. Mjor changes
are indicated with shaded cells. For exanple, DERO
suggested a mjor change to A7055 in FY2002 by
reducing the nunber to be repaired from four to zero
while B1315 had two mnor changes in FY2004 and
FY2006. On the other hand, A1503 renai ned unchanged
bet ween | egacy and revi sed pl ans.

| NCORPORATI NG PERSI STENCE

A revised maintenance plan that retains many of the

features of an already-published legacy plan is clearly

nmore managerially acceptable. By making DERO “renenber” a

| egacy plan, we can encourage a revised plan to be less

turbulent. This encouragenent is what is neant by the term

per si st ence.
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1. El astic Persistence for the Rotation and Repair
Deci sion Vari abl es

When using elastic persistent variables, each decision
variable has a target value that it 1is encouraged to
obtain. Typically, the target value of a decision variable
is its value from a |egacy plan. A linear penalty in the
obj ective function can be used to discourage any deviation

fromthe target val ue

A Any deviation from the

Target is penalized.

Penalty / \4

Target Value

Figure 3. Illustrating an El astic Per si st ent
Vari abl e.

Each decision variable is given a target value and any
deviation from that value is penalized with a I|inear
penal ty.

We describe how to acconplish this in the Rotations
nodel for the RB;  y decision variable, which represents the
nunber to rotate of TAMCN t within force f in each year vy
within the specified starting and endi ng year.

The target value of each decision variable will be the
value of that decision variable from the |egacy plan. We
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incorporate these values as a paraneter in a persistent
Rotations nodel: RBoldi sy. This value is the target value
for each TAMCN t within force f in year y in the revised

pl an.

| ncorporating elastic persistent variables in linear
programm ng requires neasuring the absolute value of the
di fference between the |egacy value of a decision variable
and its revised value. Acconplishing the absolute val ue of
a difference between two variables in linear programm ng
requires the addition of two non-negative decision
vari abl es, e.g. Pdiff¢¢y and Ndi ffef,y. Pdiffe sy
represents the positive difference between a revised and a
| egacy plan, RBoldi,y, Wwiile Ndiff;, represents the
absol ute magni tude of the negative difference between these

val ues.

Additions and changes to the Rotations nodel to

i ncorporate persistence are as foll ows:

Added Par aneters:

RBold, , |, Rotation decision (RB) from a |egacy
pl an,
RBpenalty Li near penalty to encourage persistence

in RB decision variables ($/change),
Added Positive Variabl es:

Pdiff, , . Ndiff, , . Positive and negative di fference

between |egacy plans, RBold:;y, and

revision, RB ,y;
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New Qbj ective Function:

Mexi ni ze  Z—RBpenalty* Y (Pdiff,, , + Ndiff, ;) [1]

tf.y

Addi ti onal Constraints:

Pdift’f’y — Ndift’f’y = RBOldt’f.J -RB

tf.y Vie R’fay [ 2]

Pdiff, , ., Ndiff, , , 20 VteR,f,y [3]

The new objective function [1] now includes a penalty
for every change in decision variables between |egacy and
revi sed plans. Toget her, constraints [2] and [3] capture
the change between Ilegacy and revised plans for each

deci si on vari abl e.

W incorporate the sane refornulation for the RPR i,y
decision variable in the Readi ness nodel .

2. Hanm ng Penalty for a Rotation Programis Starting
and Endi ng Year

Hanm ng distance measures the nunber of corresponding
bits that differ between two binary decision variables
[ Hamm ng, 1986]. By incorporating Hanmm ng distance into
the objective function, turbulence between representative
bi nary decision variables can be mtigated. Brown, Dell,
and Wod [1991] define this as a Hamm ng penalty. Thi s
penalty is inplemented by incorporating an elastic
persistent constraint that discourages any change between
| egacy and revised pl ans.

The Rotations nodel incorporates binary variables to
indicate the starting year and ending year of a rotation
program for a given TAMN Encouraging simlar starting
and ending years for each TAMCN between |egacy and revised
plans is another inportant aspect of the Rotations nodel
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requiring persistence. As before, we use a paraneter to
capture a |egacy value, Poldi ,w and use it as the target

val ue for that decision variable in the revision

An additional constraint is wused to nmeasure the
Hanm ng distance between |egacy and revised plans. A
Hanmi ng penalty is included in the objective function to
reduce Hamm ng distance and thus encourage persistence in
the Rotations nodel. The remai ning additions and changes

are as foll ows:

Addi ti onal Paraneters:

Pold, , , Binary variables (P v from a |egacy
pl an,
Ppenalty Li near penalty to encourage persistence

in P decision variables in revisions,
Addi ti onal Vari abl e:

Pchanges Number of changes between a revision,

P:.vw and legacy plan, Pold; v w

Fi nal Qbjective Function:

Maxi m ze
Z — Ppenalty * Pchanges — RBpenalty * z (Pdiff, ,, + Ndiff, ;) [ 1]
6Lf.y
Addi tional Constraints:
z P, .+ z (1-£,,) = Pchanges [ 2]
t,v,wlPold, , , =0 t,v,wlPold, =1
Pchanges >0 [ 3]

The final objective function [1] now includes a

penalty for every change in each decision variable between
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a legacy and revised plan. Toget her, constraints [2] and
[ 3] neasure the Hamm ng di stance between | egacy and revised
pl ans. This distance is penalized in the objective
function.

3. El astic (Ranged) Persistence for the Rotation and
Repai r Deci sion Vari abl es

When using elastic (ranged) persistent variables, each
decision variable has an interval that it is encouraged to
obt ai n. This target interval for each decision variable
will be based on its value from a |egacy plan. A linear
penalty in the objective function is used to discourage any
deviation from the target value but only applies outside

the target interval. Figure 4 helps illustrate this:

Target Interval
A R
Penalty A

Deficit violation / \ Excess violation

<— No Penalty —

|
|
b b

Figure 4. Illustrating a Ranged Per si st ent
Vari abl e.

Each decision variable has an upper limt (E) and | ower
[imt (b) within which the decision variable can change

Wi thout incurring any penalty. Positive values for A
or R are assigned a |inear penalty.
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The upper and lower limt of each decision variable
can vary by year based on a fraction of the target val ue.
In this fornulation, we seek to nminimze the anmount of
turbul ence between |egacy and revised plans by providing

accept abl e regi ons for decision variabl es.

We describe how to acconplish this in the Rotations
nodel . Deci sion variable, RB; y, represents the nunber to
rotate of TAMCN t within force f in each year vy. W use
the value from each decision variable in a |egacy plan

(RBol d; t,y) to provide the basis for the target interval for

each decision variable. W use this legacy value to
determ ne our upper limt (E) and our lower limt (b) as
foll ows:

bi.ry=(1+a,)RBold, , ,
b, ,=(-a,)RBold, ,

Here, «,6 is the allowable fraction change to a decision

variable in year vy. An alternate nethod for defining the
upper and lower |limt for each decision variable is to add
and subtract a fixed nunber from each decision variable.

This could be handl ed as foll ows:
b.ry=RBold, ,  +k

b

b, , ,=max(0,RBold, , ,—k)

There are other possible ways to calculate a target
interval, but we use fraction changes to decision variables

in this thesis.

W i ncor porate persi stence Wi th t he fol |l owi ng
additions to the Rotati ons nodel:
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Added Paraneters:

RBold, , , Rotation decision (RB) from a |egacy
pl an,

UpB, , ,,LoB, , | EMJHQJJ as shown above,

RBpenalty Li near penalty to encourage persistence

in RB decision vari abl es,

Added Positive Vari abl es:

A4, Difference penalized below lower limt
biyy

R, D fference penalized above upper limt
biros

S, sy Difference allowed between upper and
lower limts (target interval),

o Al'l onabl e fraction change in year vy,

y
New Qbj ective Function:

Maxi m ze

Z - RBpenally * Z (At,f,y + Rt,f,y) [ 1]

tLf.y

Addi ti onal Constraints:

+A4 -R

RB .y 6.y + St,f,y =bis.y Vie R=f=y [ 2]

tLf.y

S, Shiru=b, VieR f,y  [3]

The final objective function [1] now includes a

financial penalty for every change outside the target
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i nterval . Toget her, constraints [2] and [3] nmeasure any
change outside the target interval between |egacy and
revi sed plans. This anobunt is penalized in the objective

functi on.

In the Rotations nodel, we conbine this fornulation
wi th Hamm ng penalties for the P, decision variable. W
i ncor porate t he same ranged el astic per si st ent
refornmulation for the RPR ¢y, decision variable in the

Readi ness nodel .

35



THI'S PAGE | NTENTI ONALLY LEFT BLANK

36



V. PERSI STENT RESULTS

A RESULTS USI NG ELASTI C PERSI STENT VARI ABLES

Recal | the original exanple used to illustrate
tur bul ence between nodel sol utions. W solved DERO with

the follow ng set of yearly budgets for the active forces:

Year Budget (m I lions)

2002 $105. 6
(Reduced to $104.1)

2003 $109.9

2004 $73.3

2005 $75.9

2006 $76. 7

2007 $78. 1

Tabl e 3. A budget reduction with persistence.
After publishing a maintenance plan, the FY2002 budget

is reduced by $1.5 mllion. W can now use our
persistent forrmulation of DERO to solve this revised
probl em

Now, we test the new elastic persistent fornulation.

This new persistent fornulation wll produce a revised
mai nt enance plan that |inearly penalizes any change between
a legacy and revised plan. In the Rotations nodel, we
penal i ze exactly one dollar for each change. A change in
the Readiness nodel, which nmaxinizes a weighted sum of
readi ness scores, is penalized one wunit of readiness.

Table 4 displays the suggested revision produced by the
non- per si st ent DERO nodel . The results using the

persistent fornulation are shown in Table 5.
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2002 2003 2004 2005 2006 2007 2002 2003 2004 2005 2006 2007 2002 2003 2004 2005 2006 2007

A0010 B0635 -2 2 E0726

A0043 -3 -3 B0730 -3 -36 0.3 38.7 EO0727 1

A0966 B1082 E0942

A1260 -1 1 B1226 E0946

A1440 B1298 -1 E0947

A1500 B1315 -2 2 E0948

A1503 B1580 -1 E0949

A1530 B2464 E0950

A2306 B2482 E0960 -8 -128 1 135

A2635 -1 B2685 -4 E0961 -4

A7005 -1 C2032 -17 E0980 -37 21.8 152

A7025 D0080 E0998 -1 -20 21

A7035 D0105 E1037

A7037 D0209 E1251 -12 -2 14

A7052 D0860 2 -1.9 E1313

A7055 -4 D0876 E1441 -1 3 2 -4

A7058 D0877 E1460

A7072 D0878 E1475

A7500 D0879 E1836

A7590 D0880 -82 542 2738 E1888 -1 1 -0.93 -0.58 -0.69

B0001 D1072 E3196

B0114 -1 1 D1134 1 -1 A0000

B0395 D1212 E0000

B0443 E0180 -11 11 E0001

B0589 1 -0.9
Tabl e 4. Non- per si st ent results after a budget
reducti on.

Recall that, when the FY2002 budget was reduced from
$105.6 to $104.1 mllion and resolved, these 56 (20
maj or and 36 m nor) changes occurr ed.

2002 2003 2004 2005 2006 2007 2002 2003 2004 2005 2006 2007 2002 2003 2004 2005 2006 2007

A0010 B0635 E0726

A0043 B0730 EOQ727

A0966 B1082 E0942

A1260 B1226 E0946

A1440 B1298 E0947

A1500 -3 1 2 B1315 E0948

A1503 B1580 E0949

A1530 B2464 E0950

A2306 B2482 E0960 -1 1

A2635 B2685 E0961

A7005 C2032 E0980

A7025 D0080 E0998

A7035 D0105 E1037 -1 1

A7037 | 1 1 D0209 E1251

A7052 D0860 E1313

A7055 D0876 E1441

A7058 D0877 E1460

A7072 D0878 E1475

A7500 D0879 E1836

A7590 D0880 E1888 -1.1 -1.5

B0001 D1072 E3196 -2 2

B0114 D1134 A0000

B0395 D1212 EO0000

B0443 E0180 E0001

B0589
Table 5. Persistent results after a budget reduction.
Much of the turbulence shown in Table 4 has
di sappeared wusing the added persistent features in
DEROQO. This persistent revision suggests just 13

changes with only one of them being ngjor.
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Suppose that the 13 changes specified in Table 5 are
still too many. W can then increase the linear penalty in

order to further discourage turbulence between |egacy and

revised plans. Consi der increasing the penalty in the
fol | ow ng manner. In the Rotations nodel, we now penalize
1,000 dollars for each change. And changes in the
Readi ness nodel are penalized 1,000 units of readiness. In

this case, the nunber of changes is further reduced from 13

down to 7. Table 6 sunmari zes the results bel ow

2002 2003 2004 2005 2006 2007 2002 2003 2004 2005 2006 2007 2002 2003 2004 2005 2006 2007

A0010 -1 1 B0635 E0726

A0043 B0730 E0727

A0966 B1082 E0942

A1260 B1226 E0946

A1440 B1298 E0947

A1500 -1 1 B1315 E0948

A1503 B1580 E0949

A1530 B2464 E0950

A2306 B2482 E0960

A2635 B2685 E0961

A7005 C2032 E0980

A7025 D0080 E0998

A7035 D0105 E1037

A7037 D0209 E1251

A7052 D0860 E1313

A7055 D0876 E1441

A7058 D0877 E1460

A7072 D0878 E1475

A7500 D0879 E1836

A7590 D0880 E1888 -1 -0.7 -0.8
B0001 D1072 E3196

B0114 D1134 A0000

B0395 D1212 E0000

B0443 E0180 E0001

B0589

Table 6. Increasing the persistence penalty.

The nunber of changes is further reduced from 13 in
Table 5 to just 7 changes by increasing the penalty
from one objective function unit per change to one
t housand. Increasing the penalty for changes is an
effective way to reduce turbul ence between |egacy and
revi sed pl ans.

| ncorporating elastic persistent constraints into DERO
is an effective way to reduce the anount of turbulence
bet ween plans when the input paraneters are only slightly
changed between |egacy and revised plans. Al so, the

exanples help illustrate how higher penalties can be used
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to encourage tighter persistence. Later, we explore how
this reducti on in t ur bul ence af fects t he over al

war fi ghti ng readi ness of our revised plan.

B. RESULTS USI NG RANGED ELASTI C PERSI STENT VARI ABLES

In this section, we incorporate the elastic (ranged)
persi stent nodel. Each decision variable now has an upper
and lower Iimt of acceptable change based on a fraction of
its value from a |egacy plan. A linear penalty in the
objective function is wused to discourage any deviation

outside this safe interval

W solve DERO using ranged elastic persistent

vari abl es under the sane conditions outlined in Table 3.

In this exanple, we let « =002 for all y and calculate
b and b as described in Chapter |V

Qutside the target interval, we penalize for change in
the follow ng manner. In the Rotations nodel, we penalize
five dollars for each change. And changes in the Readi ness
nodel are penalized five units of readiness. The results

of this fornmulation are as foll ows:
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2002 2003 2004 2005 2006 2007 2002 2003 2004 2005 2006 2007 2002 2003 2004 2005 2006 2007

A0010 B0635 -1 1 EO0726

A0043 -2 -2 B0730 -1 1 EO0727

A0966 B1082 E0942

A1260 -1 B1226 E0946

A1440 B1298 E0947

A1500 -1 1 B1315 -1 1 E0948

A1503 B1580 E0949

A1530 -3 B2464 E0950

A2306 B2482 E0960 -6 6
A2635 B2685 E0961

A7005 C2032 -3 E0980 -3 -2 5
A7025 D0080 E0998 -3 3
A7035 D0105 E1037

A7037 -1 1 D0209 -3 3 E1251 -4 4
A7052 D0860 E1313 -1

A7055 D0876 1 -0.9 E1441

A7058 D0877 E1460 -1 1
A7072 D0878 E1475 0.1 -0.1
A7500 D0879 E1836

A7590 1 -01 -0.3 -0.3 D0880 -2 2 E1888 -1 1 -07 -08
B0001 D1072 E3196

B0114 D1134 A0000

B0395 D1212 E0000

B0443 E0180 -1 -1 2 E0001

B0589

Table 7. Elastic ranged persistence.

Clearly, there is nore turbulence in this solution
than we saw in the previous persistent nodel. In this
case, the revised plan suggests 46 changes, one of
which is mjor.

Maj or and mnor changes between |egacy and revised
pl ans are defined as before. Because our targets are now
intervals vice points, a revised plan using ranged elastic
persistence can exhibit nore turbulence due to our

definitions of major and m nor changes.

Wien the allowable change (¢,) equals zero, elastic
ranged persistence reduces to elastic persistence. | f
allowing «,=0.02 for all y produces a revised plan that is
too turbulent, we instead let «,,=0 and «,=0.02 for al

remaining y. In this case, we are penalizing linearly for
any change in FY2002 and encouraging target intervals in
the remaining years. Using the same penalties as before
the results are as foll ows:
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2002 2003 2004 2005 2006 2007 2002 2003 2004 2005 2006 2007 2002 2003 2004 2005 2006 2007

A0010 1 1 B0635 E0180 -1 1
A0043 -1 B0730 E0726
A0966 B1082 EO727
A1260 1 B1226 E0856
A1440 B1298 E0942
A1500 -3 1 2 B1315 E0946
A1503 B1580 E0947
A1530 B2085 E0948
A2306 B2464 E0949
A2635 B2482 E0950
A7005 B2685 E0960
A7025 C2032 E0961
A7035 D0080 E0980 2 -2
A7037 D0105 E0999
A7052 D0209 E1037
A7055 D0235 E1251
A7058 DO0860 E1313
A7072 D0876 E1441
A7500 Do877 E1460 -0.8 0.8
A7590 D0878 E1475 -02 02
B0114 D0879 E1836
B0395 DO0880 E1888 -0.74 -1.47 -0.83
B0443 D1072 E3196
B0446 D1134
B0589 D1212
Tabl e 8. Inproved ranged persistence.

This revised plan was obtained by linearly penalizing
any change in the first year while allowing a two
percent change in the remaining years. The revision
exhibits 18 changes (two mmjor) and represents a
feasible alternative to the elastic persistent
solution shown in Table 5.

Rather than following advice as strict as that
produced by the elastic persistent nodel (shown in Table
5), this nmethod can provide a decision-maker an alternate
revi sed plan. In conjunction with the elastic persistent

nmodel, this can be a val uabl e t ool

C. USI NG PERSI STENT DERO W TH A BUDGET | NCREASE

We have illustrated turbulence in DERO resulting from
a budget reduction and have shown how to mitigate it using
elastic persistent constraints. In this section, we
explore how an increasing budget affects the anount of
t ur bul ence i n DERO
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In this exanple, the projected budget changes

according to the foll ow ng table:

Year Budget (m I 1lions)
2002 $105. 6
(I ncreased to $109. 6)
2003 $109.9
2004 $73.3
2005 $75.9
2006 $76.7
2007 $78. 1

Tabl e 9. An increasing budget exanple.
After publishing a nmaintenance plan, depot managers
receive an additional $4 mllion for FY2002.

When this revision is nade and solved by DERO, the
suggested changes to the original plan are shown in Table
10. Because we are revising for a budget increase,
revisions mght better be restricted to augnment |egacy
repairs or initiate new ones, rather than abandon any prior
pl anned activity. This is a comobn sense consideration

that m ght not be absolutely mathenmatically optimal.

If we nodify the persistent DERO fornulation so that
we only penalize for negative changes to our decision
vari abl es between |egacy and revised plans, we obtain the
suggested changes to the legacy plan shown in Table 11.
Clearly, the persistent DERO formulation can produce an

accept abl e revi sion under these conditions.
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A0010
A0043
A0248
A0966
A1260
A1440
A1500
A1503
A1530
A2306
A2635
A7005
A7025
A7035
A7037
A7052
A7055
A7058
A7072
A7500
A7590
B0001
B0114
B0395
B0443
B0446

A0010
A0043
A0966
A1260
A1440
A1500
A1503
A1530
A2306
A2635
A7005
A7025
A7035
A7037
A7052
A7055
A7058
A7072
A7500
A7590
B0114
B0395
B0443
B0446
B0589

2002 2003 2004 2005 2006 2007 2002 2003 2004 2005 2006 2007 2002 2003 2004 2005 2006 2007

B0589 1 -0.9 E0726
-2 -3 B0635 E0727 5
1 B0730 3 -0.3 E0856 1
B1082 E0942
1 B1226 2 -2 E0946
B1298 7 E0947
B1315 -2 2 E0948
B1580 -1 E0949
B2464 E0950
B2482 E0960 15 277 1 -293
-1 B2685 E0961 2
6 C2032 -180 -36 E0980 18 -18
D0080 | 77 -0.4 -56 -20.6 E0998 25 -1.8 -232
D0105 E1037
D0209 E1251
D0235 1 E1313
-1 3 D0860 203 -46 -46 46 E1441 2 2 -4
D0876 E1460 -1 -24.2 25.2
4 Do877 E1475 -7 6 12
D0878 E1836
D0879 E1888 1 -1 2 0.5 -0.4
D0880 58 -30.2 -27.8 E3196
D1072
1 -1 D1134 1 1 -2
-1 1 D1212
1 1 127 14 EO0180 6 -6
Tabl e 10. Turbulence following a revised, increased

budget usi ng DERO

Just as we saw in the case of a budget reduction, non-
persistent DERO exhibits a great deal of turbulence
after a budget i ncrease.

2002 2003 2004 2005 2006 2007 2002 2003 2004 2005 2006 2007 2002 2003 2004 2005 2006 2007
B0635 E0180
B0730 E0726
B1082 E0727
B1226 E0856 1
B1298 E0942
B1315 E0946
B1580 E0947
B2085 1 E0948
B2464 E0949
B2482 E0950
6 B2685 E0960 15
C2032 E0961
D0080 | 103 E0980
D0105 E0999 | 20
D0209 E1037
D0235 3 E1251
D0860 239 E1313
D0876 E1441 1
D0877 E1460
D0878 E1475 0.72
D0879 E1836
D0880 59 E1888 0.23
D1072 E3196
0.7 D1134
1 -0.9 D1212

Tabl e 11. An increasing budget using persistent DERO
Wthout fixing any wvariables, we can use the
persi stent DERO fornulation to show the optinmal way to
spend the additional $4 nmillion in FY2002 without
reduci ng any |l egacy repair activities.
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D. WARFI GHTI NG READI NESS AND TURBULENCE

Persistence restricts the planning nodel. El astic
persistent and ranged elastic persistent constraints are
effective ways to reduce the amount of turbul ence between
| egacy and revised plans, but reducing turbulence can
adversely affect the warfighting readi ness of a revision.

To assess the effect of persistent restrictions on
war fighting readiness, we solve the Rotations nodel. We
then nodify the Readiness nodel to include a constraint
that limts the overall turbulence between |egacy and
revised plans to a fixed nunber of allowable changes. By
increnentally lowering the nunber of allowable changes and
capturing the warfighting effectiveness for each plan, we
can see how |Ilimting turbulence affects warfighting
readi ness. The results are shown in Figure 5.
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Limiting Turbulence
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Fi gure 5. Tradeof f between Warfighting Readiness

and Tur bul ence.
The Readi ness nmodel wants to nake nunmerous changes in
order to maximze the warfighting readiness of its

revi sion. Restricting the nunber of changes too nuch
can significantly degrade the overall warfighting
readi ness of that revision. Each point on this graph

represents the objective function value of an integer
|inear program solved wth a relative integrality
tolerance of 0.01% this graph is non-nonotonic because
each plan has a slight integrality gap.

In terms of the warfighting readi ness, DERO wants to

suggest a revised plan that differs greatly fromthe | egacy

pl an. W can limt the turbulence between |egacy and
revised plans and still mintain a revision wth an
acceptable level of warfighting readiness. However, once

we limt the amount of turbulence to less than 32 changes
in this exanple, the warfighting readiness of our revised

pl an begins to drop significantly.

46



Figure 5 shows an inportant feature of persistence.
While limting turbul ence between |egacy and revised plans
is desired, a persistent revision can exact a price in
termse of warfighting readiness. A decision maker rnust
ultimately determne the appropriate balance between the
tolerable anobunt of turbulence between plans and its
i nfluence on warfighting readiness. In Figure 5, about 32
changes between |egacy and revised plans appear to have a
nodest inpact on warfighting readiness. Fewer than 32
changes wll reduce the warfighting readiness of the

revised plan too nuch.
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VI . AUGMENTI NG OPTI M ZATI ON W TH A HEURI STI C

A SENJU AND TOYCDA HEURI STI C

Senju and Toyoda [1968] describe a sinple nethod that
qui ckly suggests a near-optimal portfolio of proposals from
a | arge nunber of possible candi date proposals, where their
choices are restricted by consunption of a nunber of
[imted resources. Their initial application selects an
i nvestnment portfolio subject to budget constraints.

Thei r article descri bes an efficient way to
approximately solve this type of conplex problem Their
method solves the following R-Knapsack optimzation

pr obl em
| ndi ces:
p Candi date proposals (p=12,..,P),
r Limted resources (r=12,..,R),
Dat a:
benefit, I ncrenmental benefit of proposal p,

available.  Limt on availability of resource r,
use Proposal p would use this anmount of

resource r,

Deci si on Vari abl es:
ABLE, Bi nary decision variable to sel ect

proposal p,
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For mul ati on:

Maxi m ze ZbeneﬁtpABLEp [1]
p
Subj ect to
Zusep,,,ABLEp < available, Vre R [2]
p
ABLE € {0,1} Vpe P [ 3]

Ver bal Fornmul ati on

The objective function [1] expresses the sum of the
benefit of the selected proposals. Constraints [2] ensure
that the proposal selections neet the resource constraints.
Constraints [3] ensure that each proposal selection is

bi nary.

Senju and Toyoda use a deletion heuristic that begins
by adding all of the proposals to the portfolio. I f any
resource is over-allocated, they describe how to calcul ate
an effective gradient for each proposal in the portfolio.
The effective gradient represents the anount of profit | ost
per resource gained if each proposal is deleted from the
portfolio. Proposals are then deleted from the portfolio
starting with the proposal with the snmallest effective
gr adi ent . Senju and Toyoda continue deleting proposals in

this order until a feasible portfolio exists.

Pfarrer [2000] uses a Senju-Toyoda heuristic to solve
a procurenent problem for the United States Special Forces
over a ten-year planning horizon. H's results show the

ef fectiveness of using this heuristic.
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B. USI NG A FAST SENJU- TOYODA HEURI STIC I N LI EU OF AN
| NTEGER LI NEAR PROGRAM

Followng Senju and Toyoda [1968], we develop a
heuristic that quickly suggests a near-optimal portfolio of
TAMCNs to fund from a large nunber of possible TAMCNSs,
where our choices are restricted by their consunption of a
limted budget. Unli ke the already-discussed optim zation
t echni ques, which provide a plan that naxim zes readiness
across the entire planning horizon, our heuristic is nyopic

— only maxi m zi ng readi ness one year at a tine.

As described by Senju and Toyoda, we calculate the
effective gradient for each TAMCN. But, instead of using a
deletion heuristic, we use an addition heuristic that adds
TAMCNs to our portfolio in the order of the highest
effective gradient. Al though DERO is different from the
Knapsack nodel solved by Senju and Toyoda, we are able to

generalize their approach to solve the Readi ness nodel.

W begin with the first fiscal vyear. W first
determ ne the Ready-For-Issue (RFI{) quantity for each TAMCN
t as follows:

RFI, = SRFI, + ISSUE, —USR, + RPR,

As before, the decision variable for our nodel is RPR,
which represents the nunmber of TAMCN t to repair.
Initially, these variables are all assigned a value of zero
(equivalent to not repairing any TAMCNs). W then seek to
increnentally add TAMCNs to our portfolio in the order of
t he hi ghest effective gradient for each TAMCN.

As in DERO, we calculate the effectiveness rating as

foll ows:

51



RFI,
WMR

t

Effectiveness Rating =

W use this rating to determne the readiness score
(SCORE;) of each TAMCN t according to the sanme piece-w se

| i near function used i n DERO

W calculate the warfighting readiness (readiness;)
gained from increnentally increasing the RPR decision
variable for each TAMCN t. W then estimate the effective
gradient (benefit;) of increasing RPR for each TAMIN t.
The effective gradient represents the anount of readiness
gained per budget |ost. W calculate the effective

gradi ent as foll ows:

readiness, readiness gained
benefit, = L= &

cost, resource lost

The heuristic increnentally increases the RPR deci sion
variable for the TAMCN t wth the |largest effective
gradient. It then re-conputes these calculations and
repeats additions until a feasible portfolio results within
our budget constraints. Once our portfolio has been filled
in this manner, it may be possible to add additional TAMCNs
with the renmaining budget. The pseudocode for the
algorithmis as foll ows:

52



PSEUDOCODE FOR SENJU- TOYODA HEURI STI C

T - set of TAMCNs t
R — nunmber of TAMCNt to repair
G — effective gradient
(readiness gained if R -> R + 1 per repair cost)
C — cost to repair TAMCN t

begi n

B: = avai |l abl e budget

R:=0 for all t inT
Calculate G for all t inT
i:= argmax(G)

while B> 0 and G < B do
begi n

R: =R +1

B: B- C

recal culate G
i

argnmax(G)

I 1

end;
maxbenefit: =1
whi | e maxbenefit > 0 do
begi n
maxbenefit: = 0
for each i in T do
begi n
if G < B and G > maxbenefit then
begi n
maxbenefit: = G
point: =
end;
end;
i f maxbenefit > 0 then
begi n
Rpoint: = Rpoint +1
Recal cul ate Gyt
B: = B - Guint
end;
end;
end;

Fi gure 6. Pseudocode for Inplenenting the Senju-
Toyoda Heuristic to Sol ve DERO.

Each TAMCN is initially assigned zero repairs. e
increnmentally add TAMCNs to our portfolio in the order
of the highest effective gradient until we are unable
to afford the next nost attractive TAMCON. It may be
possible to add additional, |ess-costly TAMCNs to our
portfolio with the remaining resources. Therefore, we
spend any additional resources on the TAMCNs with the
hi ghest effective gradient that we can afford until our
budget is depl et ed.
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The resulting RFl; for each TAMCNt in the first fisca
year becones SRFI; (the starting RFI quantity) for the
second fiscal year. W repeat this cycle wuntil our

heuristic solves all six fiscal years.

Wen we conpare the overall warfighting readiness
produced by this heuristic to DEROs results, we observe

t he foll ow ng:

DERO versus Senju-Toyoda Heuristic
250
@ 200
£
?
g 0 o DERO
(=} : s
£ 100 1| m Heuristic
N
o
=
S 50 |
=
0
2002 2003 2004 2005 2006 2007
Fiscal Years
Figure 7. War fi ghting Readi ness usi ng our
Heuri stic.
Initially, the heuristic suggests a depot-Ievel

mai ntenance plan with a warfighting readiness that
exceeds DERO s plan. By the third fiscal year, the
overall warfighting readiness of the two nethods is
equi val ent . The last three years show the nyopic
nature of our heuristic as DERO produces a plan with a
better warfighting effectiveness.

Qur myopic heuristic eventually lags behind DERO s
omi sci ent plan because it is unable to | ook ahead and plan

for future requirenents in the depot-Ilevel nmaintenance
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pl an. For exanple, this heuristic wll not choose to
repair a TAMCN in a current year in order to satisfy a

demand in a future year

Qur Senju-Toyoda heuristic is different from DERO
Wiile both nodels maxin ze readiness across the planning
hori zon, DERO provides additional stratification decisions
not addressed by the heuristic. Qur Senju-Toyoda heuristic

does not consider these enbellishments.

The primary benefit of our heuristic is its ability to
work  on readily available software. The entire
i npl ementation of DERQO, including both the Rotations node
and our heuristic, is done with EXCEL™. This is easy to

use and quickly provides a depot-I|evel naintenance plan.

Persistence is easy to incorporate in our heuristic.
W have described how to inplenment an addition heuristic
based on the highest effective gradient of all TAMCNs. W
need only to augnent this gradient with persistent terns

just like those presented in the persistent integer I|inear
pr ogr anm ng. Calculating the effective gradient for a
deletion heuristic is also straightforward. Under budget

fluctuations, we can easily add or delete TAMCNs from our
portfolio based on the appropriately calculated effective

gr adi ent .

Al t hough the Senju-Toyoda heuristic perforns well, and
very quickly, on these test cases, there is no guarantee
that it wll always work so well. Further, the integer
i near program optimnm zation of fers a guantitative
assessment of solution quality — an absol ute upper bound on
readi ness that mght be achieved beyond the current plan

suggested — while the heuristic gives no such advice at
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al | . The heuristic, if operated in isolation, offers no

clue to the quality of its solutions.

56



VI 1. CONCLUSI ON AND FUTURE AREAS OF STUDY

A CONCLUSI ON

| ncorporating the persistent constraints suggested in
this thesis is an effective way to mtigate the anount of
turbulence in DERO when the input paraneters are only
slightly changed from instance to instance. The added
features are shown to be effective when a budget change
occurs after a maintenance plan is published. Clearly,
these added features provide DERO with greater flexibility
and inprove the face validity of the nodel.

Wiile limting turbulence between a l|legacy and a
revised plan may appeal, we have shown that a persistent
restriction can exact a price in ternms of warfighting
r eadi ness. A decision maker nust ultimately determ ne the
appropriate balance between the allowable anount of
turbul ence between a legacy and a revised plan and that
revision’s warfighting readiness. We have described an
effective way to develop this decision tool and have shown
what it |ooks like for one data set.

Finally, we introduce a heuristic planning tool to
assist in depot-Ilevel maintenance planning. Qur heuristic

is easy to use, quickly produces a depot-I|evel maintenance

plan, and works on readily available software. W have
greatly reduced the need for expensive |icensed software
and experienced operators. When used in conjunction wth

DERO, this tool can provide added insight.
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B. FUTURE AREAS OF STUDY

Wiile this thesis denonstrates how to incorporate
persi stent features into DERO the sane idea can be readily
applied to other optimzation-based decision support aids
used in a manner simlar to DERO When input paranmeters
are only changed slightly between nodel solutions, the
addition of persistent features can provide (greater
flexibility and inprove the face validity of a turbulent

model .
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